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REVIEW 

DM4 electmtransfer: its principles and an updated 
review of its therapeutic applications 

F Andre and LIvl Mir 

Lsbomon 1 vl \'R$~i Gwum Gait 



i^ 1 ' "fw es to trans 

known and gutar r h ana eukaryatic 

cells transformation. Electric pulses can also he delivered 
in vivo eiti < , c t aes in di set 

contact with the tissues. After injection of naked DNA in a 
tissue, appropriate local oiectnc pulses can result in a very 
high expression of the transferred genes. This manuscript 
describes the evolution in the concepts and the various 



1 >t " ' ~" "P r have led to the use of combinations of 
- <- r \ known role 1 he puts 

[ \ j e / ec , f tt Wj 

DAW electrophoresis. A summary of the main applications 
published until now is also reported . restricted to tho in vivo 
preclinical trials i rutic genes. 

Gene Therapy (2GC4) 11, S33-S42. doi^0/i038/si.gt.3302367 
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\ lUll 1 S, it ' n _ >< I. 

Ill l w Wu 1 = < <- \ ' - v \ Al Z 

for t o nail easoi Ked UNA. 1 

the Hniitations and the risk:; linked to the use of viruses 
od ng quence it ; the c > of !h idt \o\ ru 
is* date n i ' t n 

1 - e ca'-e of 

the aok v\ txH-, v*< , ' - - u i i . - - .i 

c 1, <cu at o - i - ( - 1 a .ci 

developed for >h ehx> gene delivery 

ht t t < hysieai aj. r 

ayn 1 b rap> u A ^ r t i n i t n 

of naked DMA, which in the skeletal or cardiac muscle 
leads to some expression of the injected genes;'"" 
however, this expression is very Sow and very variable 
s> ou'le U sample 0 i < > < 

cts -a j v - v f ci. i it j 
tail vein of a large volumes of \ tin t results n 
a very efficient iracstection of liver ceils, even thee: eh the 
>toi s somehc it) treatec 
indeed, par! of the mechanism is based on the transient 
vn a n s A i o t , tl „%r s. t ,< v 
the laid djso buhoi in ih; <o end cokes 3. liquid 
v wi i -v. , ,v e i i )\] \ [>,si. ; 

to superficial tissues like the skin or the leaves in the 
plan kingdc t she' ape ich jet injection 

and 'gene gun'; also leads to good iransfcettan levels. 
The comwc t in a de ice 

'jet injechon' or 'needle -free' injection, the DNA is 
pushed at high pressure arid high speed through a tiny 
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orifice i ( v t t <? injector fating , 1 

if high-p > pent j i 

(iv) The proof of the concept ot sonoporatioa 'iose -of 
focused ultrasounds to permeate; the cells) has just 
been d-evelooed and sdi; reoucres further eiaborat;onf : 

1998 and is becoming a real alternative to the viral 
methods - ;;; i > v r franster. 

The use of electric pulses is very popular for the 
transrecti 1 teria'l an eukaryofic ceil > in 

The initial iinutation of the so-called elecdoporafion, a 
;ov\ ceil survival,, could be overcome by the use of 
appropriate electric pulses. The technique was then 

t - < rt j DN.A e r or 

eiectrogenetherapy. In d:is article, we present art 
historical survey of this approach, which will eicinde 

description of the fo ! i ' 

tjon and D < rotrai 

i " - > t a n s t k ' ivte ed to > \erv 

efficient arid safe procedure. A summary of the mam 
locations ' ' -hi d an! i is ls< re >orted 

restricted to the m vivo preclinical trials using 
therapeutic genes. 



The origin of DNA eiectrotmnsfer 
(the in vitro only period) 

The first ptonaeriug e ! i ilia: DNA cook; be 

introduced into living r t Select pulses 

was i v by E Mecunann i "2 H built a 
device with chambers specifically designed for the pulse 
delivery to the suspension of cells and DNA. More than 2 
years were necessary before- the publico don of the second 
I -i > ' t i 1 - ts c - 1? g : 
yotic ceils in vitro by .H Potter in 1.9B4A Since this result 



fchi 



■■read 



- a classical (thus ,c ^ v ] J > labora- 

m\> gerenU tos -< «^ i 
oresis, many other groups could try 
i a consis <d in creat a 



t , < tf . f e 

f < » ' - ! ijJv« 

oped t e * -r j - nse ;>> < - > ^ in 

U m d>- with the needs for < 1 u i n ' j 
don if! airf-ob 5 in any case, since 1986. DNA electro - 
transfer is the nsosl popular way to fraiusfect bacteria J 
1 ! S n r i th< < ons th« vitro 

transfection of eukaryofcic ceils as well. 



Principles of the DNA electrotransfer 

Pi L\t < ' - v V K ■< r 1 \" >■ , - M v 

pulses nduces ositkn lept vi changes fa the 
khe->e changes are 

t' i h 

md u t U t < o < ' f L • Ja. td i a,' 3 is 

proportioned i 1 i j i e 

the external electee field ih'igure ;). This change will 

5 < e to the ing tr en ential 
When the mi. potential difference t 11 < 

(the sum of the vectorial* values, of the induced and 
resting potential differences; is greater than Q.2~f).4 V" 
* - t pt : -1 -e t ceil 

membrane level, became the membrane structure 
cannot resist the electrocompnsasivo forces due to this 
pomivate diihnwt t ,v , - t i Is thus a 

i < not n > > c ?) L • ni 1 to overpass 

,i thresh* d vale th< h metnh 1 >e potential 
difference. 




is not yet elucidated. Some models proposed the 
generation of 'electrop ores' {described as 'holes' hi 
, membranes}, but cell electeopermeabilLaadon can be 
totally rm.-rstok .ore. 1 e ' -o s n,.^ s . - r, <h< 
' f t ^ j K 

membrane potential differences! much larger ^ those 



Properties of con efeotrope m ' - 
ceil membrane crossing 

Ceil 'h- i < phono neno • 

that can be obtained v the cells or ■ 1 o'.U a 

n in t 1 >y a non Ju t , i i u? that fcsol it* s 
the internal conductive medium from the external 
medium. Tims, ail cells will react to external electee: 

k ds m ha induction nt . t msmembranc porersiiai 
? liiv abe^e tl shold va a. wi provoke llu 

i ' • i « i 

i ^ I,- 1 -.' . tin i ,h !>iir,iV 

enssrtang the survival of the rxansientlg permoabilized 
cell * se i ery short f ses cell 

it i ' a pi vj m 

this eheractinastic contributes to its reversibility (no 
denaeuradon of the membrane proteins, even though 
one of the cell el.< i irlv models 

- 1 1! \ t '-.it f L ll 3 

don as the prrmum i t e mem e propert 

'I e most in esn o p ■pert of t le 
cell ciecteop' - "r i .• ni _ fi i vteruh smapore, ^uud 
biouiedicai and i r ^ I applications,, ja the iact 
that ceil electropertneabilization allows the direct deliv- 
ery of nonpesmeant molecules inside the ceil cytoplasm, 
; i i - i" r d -i a v,n < se 
rndeouh sua! tl ndo s ■> Ah \ v Small 

i 5>nt asoieailes can en t 
lized ceils by diffusion through the transiendy perrnea- 
i , i f r nonperrneanf. 

molecules like DNA enter by other meciuuhsins as 
discussed below. 



In vivo delivery of electric pulses 

Before the in vivo delivery of electric pulse* 
of the eleefcrogenetheraoy, other applies 



Figure * i i ' r <■ Ad ■» 

.:-.vrr.'>:;;l Pacific field !!srf;a:« a chvig? C-gt/; ;n 
■i';f«!.sv:/ fa ea. ; *r -:d!. T:k' vi;;-r of f.te iHii 
ship-r of f.ft' o:/;' a) i.'aa h;,-; ■jvuhn-iivuv of ii-.n 
'he t :rt? .■avrfero tr a: ate; araro.-tewrt fc f.te rtt 
oj 'h c e"<i elect ate ('£ wrf tft cm 
ta» < a* p a 



iaaho: 



■ the eler 



ized cells 



a thai 



two previously etectroperme 
close contact, in 1 ; >S8, a was found tl 
toxicity is several hundreds of thousands t 
electropermeabilized cells than on cells un 
electric pulses." This increase in toxicity was aiso rouno 
in preclinical experiments hi which permeabilirmg 
electric pulses were delivered transcutaneous!} 1 to 



• brought in 
bleomycin 

•used as the 
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transplanted 2 ' 1 or spontaneous tumotjrs ;'&t mice, 22 Move- 
over, because or the iii efficacy of this approach, 
3 rials were rapidly performed. 2 sad 
way ten del he < the 1 I t j 1 c >"< 

tions, u - 1 ii s i , .ii | - \ u i vU > nwU " 

ig ! < t , 1st < o is »nd 

130 ^ r t i > is oen , ot I usi g 

e\.fenc t m , u < t * 0 ? 

emorastra t leli e 1 electri 

poises to animals and patients and they greatly 
facilitated the development of the in viva DNA electro- 
transfer. 

indeed, in parallel, Jon Wolff showed in 1990' thai 

d totr \"\n ' on t i 1 m o m<ih . - 

results in gene expression at low and variable levels. 
Thus, it s combine +< ->e i - eeti >n r 

MA and the el pul i 

In * m 10 i w< > t I 

diui r i r .i. v 1 ras genes 

nun it ! it! 

ceils expressing myc and ras proteins that could, 
i ^ nti < t 3 

oncogenes, in. 1996, Heller t s f of-""' delivered elec troche- 
motherapy-lype trams of short pulses (100 us) to the liver 

sftei t i t >n i i - i i "g ' i d 

levels o < hat nowada old 1 

e\p[ iit\ \ cb\i 'f el an u t _ it 

result's o; the by , iynamics nethod lr 98, four 
groups, in three different tissues, consistently dernon- 
stj t ^ 1 ' - I vm m t. 

i M ' v <. u u 

cf rd in the liver.' 51 and Aihare and Miyaeutbg" and Mir si 
a! n t -m-u oi "1 if t i c 

denfgai < t iiisecond ns of mill) 

seconds duration range actually results in a highly 
significant increase in the level of expression of die 
repod > tod m the 

target tissues, hater on, Lucas and Hellers'"' compared 
short and long pulses, demonstrating thai the leva; of 
expression was higher, arid expression duration longer 
'when Im d e ^in t 1 * 



Use of trains of identical electric pulses 
for efficient DNA electro-transfer in 
skeletal muscle 

I ho earliest and most exhaustive series of experiments 
t ers 1 i ! n in i n T ONI A 

eiectrotranster as well as to optimize such trains of 
de i>,« At i ? 0'< - ..'-CUP, r .x i- 
ments analysed the respeeb » si i e si tin* b> 
duration, voltage applied (or more precisely or the 
molted d- i -\ i nebs ■> 

for i he irredv'iuritomse, an Increase of 20(5 limes of the 

alone was shown , a large decrease in the variability of 
this expression, as well as a long-term expression since 
the high level of expression reraahied stable for at least 
1 , i ^v. x relets! muscle, u&mg t < etnJ 
electrodes (transcutaneous electric pulses) and trains of 
identical electric pulses, optimal conditions are eight 
pulses of 20 ms and 2X3 V/em at a repetition frequency 



oi 1 or 2 Hz, delivered after the intramuscular rejection 
t Dfx 1 v i i [ 

other ssues: h rs that 

depended on the tumour type wore found maximal 
i i _ -oH (. i j. t _ i i i i nt ) \ 

c:n at a repetition s u of 1 or 2 H?g s 2 t v'/cni n 

tt i, ~~u s >i,n - \ u<i niMk 1 

in neonate mice ("7-10 days old mice). 1,J 

Roles of the electric pulses in DNA 
eiectrotranster 

Ex] nes hewed it, aftet ecttic pulses 

0 i < -> -i j. i < t i <- n ► -a. m 

f s v, t t eft n i' A ^ N i c 

he t 1 - L - 4 => <. < ■> I 1 

perrneabilhnition of tire sells is not suffiaem even though 

of i ta c, i , t i _ e r ' jl - 

it t Mor c elecbrotraiisfe 

{ s s id I ong uses. The echanism of DN \ 

t- l 11 t * l r t , < 

Hon and DNA diffusion through the permeabilhted 
pla sffla membrane. 

t v i : 1 1 hi A elec ot t 

has ifieii been studied using -combinations of pulses. 
Instead of dsliverine trains of eight identical pulses lot 

and 21 t , 1 1 

cells were exposed to: 

* I HVOugh voltage, short pulse) of 100 gs at 800 V/em 
(an eleco t i\ Ula \ 1st v. oh a Held 

~ gd^ , d. p"od --( > uusA > c J. 

hi diamei 1 i i n \ r 

diameter of the tumour ceils; using eight of such 
pulses at 1 Hz repetition frequency, Gehl cr a! XT 
i u 1 ' i ( ! i h . \s' di i 

one i ! 1 v. i ! i < 1 ' 

U'^l (' to i t ' 1 opt • mem;, canon) 

followed by 

everal <■ 1 n rltage. lemg r ( ms a 

-i //on (not! ■'re bsi n g pnJ es ti i del I i lien- 
< 1 1 f t r t , meabiltza- 

hnntation imposed bv h;e (. < n i and a manual 
switch to deliver the LV(s) after the flV. 4 " Then a device 
r r tion of such com < H 

and LV pulses, with, moreover, a controlled gap between 

1 < i \ 3 i 1 ui w as prepared by the Fat ' or 

i i 1 si 

I 5 i on <: prevfotisfy developed eieerroporatorc 4 vVfth 
siicfi a 
DMA etectrotraxisfer could actually be analysed. 

in fk sevenu cembi ores uses CU 

aloue, or 1 HV followed by 1 LV, or 1 HV 'followed by 

the same for the three combinations tested, ail of them 
^ 1 > 1 the 

authors hound that efficacy wa.s only achieved if at least 
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i LV was delivered after She HY They also reported that 
th - ' > i it - . 1 ' 1 Us ( ( 

V was delivered » < \ t 

ise of the delivery of 4 ! f 1 v ct i 1 

^« , t rti i.\ s-ft ,il an . n, VP' u . < {\ 

-s ) , ■ Id t !Kt i > U Itltv .til 1 i \ t - - s>< 

conclusions of the authors wore thai tin; HV pulses 
pu tii i story but 
1 i ti t < j I i j s 1 i 

pulses. < >ther g r. ej s 1 < e c< ibaised tt skit 0 
that the long LV pulses act or. DNA, provoking its 
eieerjophoretk i ' m j i^i ' 

The electric pulses thus have two roles, the 'dectro- 
poranon' of the target cells and the electrophorebe 
transport oi the DNA 'towards or across' the ceil 
membrane. Target ceil ekctroperoreabilkahor! is man- 
datory, but the eiectniphoretie component ot Tie electric 

- s i i h 1 i. ' r , t 

efficacy. 

These combinations have been studied within the: 
<. i i t s dtl 1 

ai rh Program of the European L men Mcwc a nt v 
> ^ > \ * » j *■ v 4 n 

V L ^ J •> Lt ( ) 1 ' < 1 

elope thin this project (Tig e skeletal 

' •> lie t ' - t 'U i < 

led to a further increase of the expression or the 
hidferase coding pksmid with almost no 
i< ahon 



interests of DNA elecirotransfer 

In - ire ON < 1 ;< ius< t is 

based on cell < ^ i m n which is the 

perturbation of ceil membrane impemieability by phy- 
sical means, with neither addition nor withdrawal ot 
membrane components as it happens when chemical 
perrneabukation means are used. Thus, full recovery is 
facilitated. Moreover, if actually controlled, ceil elecixo- 
w i is a nonthermal effect, withoaf protein 



>'i„ a , 1 st t.<. i s A. r> c - 

>ver. the i < equires to mi 

he el - o i iht D\A a ad t ; ulse the mi\i ir 
' i jNA electron- fer is also inter i ecausc 
i s t i i < h f-> >- i i t 
virus. \fon\ e: nocheuictd method works in vi< 'bette: 



■ be 



(with viral methods, constructs must be inserted in a 
i 1 sgrom r t n r< i e c e< ( rod 

then virions must be produced, collected, isolated, 
i > - - r v r; -an. ic ' Had, f.' .i a i 

Therapeutical applications already developed 
in preclinical trials 

Tables 1 and 2 summarize the result of an extensive 

1 t ! Ml- UK > 1 \_i U 

genes of therapeutic interest by means ot DNA electro- 
trans! - IT ieations using i \] eportt mes have not 
been indue i in the tab xperimerxt hee been 
A<- ^ < A _ ro 1 u i it eto'^ e.e-e . lu 
their authors. 

Most of the experiments deal with gene transfer to 
tl A 1 f - - i n i h>\\ . i^t e ' e- . to 
tumours, bi ii lumbal i 

t 1 Ll I i O i ■, (llll^lOV 

j 1 i 1 i - r t i n i % k 

[nice 

performed in rat > bit lea 1 i j 

goats, dogs and cattle. These experiments also demon- 
strate the safety of the procedure, the possibility to repeat 
the treatment (showi already k % > by Ruuiutk Ad } 
as well as the pi to it — urs to three 



iids 



the 



serapy 



I Mi rsTt'ii i ' 1 cc-K i h nn oS 

rt . , m* 'm . >v-> ,< A - Ai f 'i' t ! . < 

other heqnent aprjlications. c i diseases 

i carcii ocular diseas 0/1.13) and 

, > : 1 Y r. i, i r A ' - - .To urad 

v'b noted thar eac oi thess . pi cauens 
includes the use of a large variety of genes. In this 
respt t, t i- iceess 1 > p ^ i 1 - - t 1 U the genes ot 
proteins involved in ti - - - i respor h, e 

the most usuaib t _ s for emotion 

cancer, treatment of arthritis, immunological protocols, 
etc. These genes include those coding; for the IL-2, I LA, 
} i bin p, p i, s 1 Ni 

i i 4 i ,i c 

1 1 It l :„ i A s >" \ lit 

gens, etc. The details are listed in the Tibie 2. In fact, this 

e r v ado ;s i < c t th i 

the txtinsfected Hssue is the sk.e:etei muscle, used ss a ceil 
factory for the production of factors that will act 
i ' 

' Therapeutic levels ha¥e~beers achieved. For example, 
in the case of the gene coding for the erythropoietin. 



' TJ t * "*"**** * 1 ' • 







A j J IUj jjjIij jJ jj Liu 




1 iMkmmnt 


i MA 




if J 

|i ' || |_| * 

illjyi j| } 


1 1 

1 1 

it 1 

>; i 


i i- 

1 !: 


1 

t 

1 


mm. 


Mm 

| | 


1 1 llllJ 1 


•? 


j 4 j 

i J S ; 


illl t s i 

i 


/ ;'-!:; ; 

I! Hill I 


o 

s 

1; 

I 

1 

i 

f 



Gsns Therapy 



(epo), hematocrit increase has been achieved fat many 
cases (Table 1). Expression or dectrotransferred mini- 
dystrophin gene a: Pre k a eryodysstrophie muscles 
the mdx mice has been demonstrated (Table 1), Tine 
t % i of the genes costing for ' t x . m i 

1L- £•» C 1 > 1, t I 'n > S > 

well srtrcu'tasfafu effe K i 

Noticeable concentrations of the cytokines Imerietnkrad 
and GM-CSF in tun msfe - rre 

spondine, eenes have beer; measuredd" The biological 
etfects observed in the publications listed in Table I 
demonstrate the efficacy of the eks:trogeoerherapy for 
V r s i rioos dis ses 
FiaaHy, UNA eieetrotransfer has also been used for 
Ibetechnoioypicai purposes. For example, tire etectrotrans- 
er of the hum i in the o\ duct of 

U- 1 lrti n K 1 

or the human erythropoietin, 15 * arid the transfer of the 
r ^ u rnu a releasing ho i e has < is i been 
* • I i xi ~n , r . t r <■ v. < \ e t of 
a pig df« ei < - r ^< _ " v r ^_ v en a r u< 
weight gain and improved body composition. 1 ;w '- :s!s 



Conclusion 

1 > i ill » l, 1 U> ( .11)' 0!lt llt< 

constitutes a real alternative to vtrai approaches for pane 
transfer in vivo. Its efficacy is proven and there i$ no 
doubt on its biological safety. Moreover, 1 prepare- 
lion is € u i r e ekctnt: puisea ai 

ft ni * i'r v *■ i) 1 1 to ! ^ 1 • 

and appropriate equipment is available. 
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